Roadway designs intent to provide a safe facility addressing mobility concerns, accommodating the physical and social environment and within financial constraints. Sometimes, tradeoffs among these may be needed to deliver the desired project and designers need tools to estimate the safety implications from such decisions. The work completed here aimed to develop a set of recommendations to be used in evaluating safety implications from design element trade-offs.
INTRODUCTION
Every roadway design starts with intent to provide a facility that will be safe, address the mobility concerns, accommodate the physical and social environment and be financially feasible.
To achieve such a solution, designers rely on guidelines and policies, which aim to address these goals. Sometimes, however, it may not be practical to conform to the highest values of all these guidelines. To address such issues, the roadway design may need to deviate from the prevailing optimum value expressed in guidelines and policies. An understanding of the impacts of such alternative designs on both the safety and the operational character of the roadway is essential to making an informed design choice. The AASHTO publication titled "A Policy on Geometric Design of Highways and Streets" (commonly referred to as the "Green Book") provides guidance to the designer by referencing a recommended range of values for critical dimensions of the design of new alignments and those undergoing major reconstruction (AASHTO 2004a).
These guidelines (not standards) permit sufficient flexibility to encourage distinctive independent and appropriate designs for specific situations. However, this allowed flexibility can present a degree of uncertainty in that there is insufficient data to quantify potential trade-offs when evaluating design variations. Even though the Green Book indicates that the referenced guidelines provide for a safe, comfortable, and aesthetically pleasing roadway, there is little information regarding the safety and operational consequences that may result when deviating from the recommended range of values or even selecting one value from another within the range.
The concept of guidelines was emphasized even more in Flexibility in Highway Design (FHWA 1997) , a recent publication by the U.S. Department of Transportation, and is even further stressed in the AASHTO Guide for Achieving Flexibility in Highway Design (AASHTO 2004b) . These publications attempt to reinforce the concept of design flexibility and to deemphasize the approach of using maximum or highest values in the Green Book regardless of project characteristics and context. A critical review of design guidelines by stated that several design guidelines are based on empirical data from decades ago, and some have not been validated through research. Also, research demonstrated that other design values than those suggested in the Green Book work well to achieve flexibility in design while balancing the concerns of safety and capacity. While safety is to always be considered in selecting any design values, the ramifications of cost restrictions and, sometimes, environmental concerns might warrant consideration of a reduced value for a design element. Proper designs should assess several competing constraints and create a solution that meets mobility objectives and improve safety, where feasible.
The study presented here attempted to provide a reference guide for planners and designers for understanding relationships between and quantifying the trade-offs within various design elements for rural multi-lane roadways. The design elements selected by the NCHRP 15-27 Panel included lane width, shoulder width and type, and median width for four-lane rural highways. This research effort will provide the highway design community with information resources and decision tools for designing four-lane rural highways where design flexibility may be appropriate to the roadway context.
LITERATURE REVIEW
Roadway projects where design elements trade-offs are to be considered typically incorporate a full range of geometric and traffic operational problems, coupled with increasingly restrictive environmental constraints. These problems may require variation from the normally used guidance values or traditional solutions. However, one should keep in mind that every project is unique in terms of the geometric conditions, traffic, safety history, purpose and need, project context, community character, and public priorities. What is reasonable or may work in one location may not be appropriate in another, for any number of technical or context-sensitive reasons.
A concept that merits attention is that of the presence of a tipping point which is the principle that small changes have little or no effect on a system until a crucial point is reached (Gladwell 2000) . This concept, which has been extensively used in epidemiological research, could also be used in roadway design because of the available flexibility in the values of design elements. It could be hypothesized that safety and operational consequences from altering the values of design elements while remaining within the suggested Green Book values are minimal and thus do not create significant problems. Moreover, small departures from these values may have no significant impact and thus the safety consequence tipping point for any single design value may not be detectable. Highway design typically requires a multiple level assurance by professional engineers that the approved design will not result in unacceptable levels of safety consequence. Projects requiring a design exception could be considered as those that are the farthest from the most desirable design value. The recently completed NCHRP 15-22 noted that the small deviations noted in the case studies analyzed indicated that in general a conservative approach is taken when considering values that vary from traditional design (Stamatiadis et al 2004) .
A significant body of research has been compiled that attempts to quantify the relationships between safety and roadway design elements. Several studies have focused on two-lane rural roads and have addressed issues relative to lane widths, shoulder widths and types, clear zones, and horizontal and vertical alignments. Even though these are the general areas of interest for this research, there is a lack of information regarding any association between typical and other than typical design values for several design elements.
The most directly applicable lesson from the literature is that values for design elements can be varied. Most research has been directed to the task of evaluating specific design elements, without considering the effects when multiple elements are varied in combination. An additional issue that has not been discussed extensively is the potentially opposite effects that selected values for design elements can impart. For example, wider shoulders have shown the potential to improve safety. On the other hand, they also have the potential to present conditions that result in increased operating speeds and increased crash severity. A similar counter balancing potential was noted for the presence and type of barrier in medians. Therefore, design decisions and countermeasure applications should consider the types of associated crashes for modification, and then determine the appropriate design element.
A summary of the literature reviewed and their pertinent findings relative to the objectives of NCHRP 15-27 is presented in Table 1 .
METHODOLOGY
Over the past decades there has been an increased interest on estimating the safety implications from changes in various design elements. To be able to determine these changes, statistical models have been developed that could predict the crash rate frequency or number of crashes as a function of various traffic conditions and values of geometric elements. A significant part of past research has been devoted to developing such models and in the past decade most researchers have used negative binomial models for modeling crashes. These models assume that unobserved crash variation across roadway segments is gamma distributed, while crashes within sites are Poisson distributed (Washington et al 2005) . The Poisson, PoissonGamma (negative binomial), and other related models are collectively called generalized linear models (GLM). These models have the general form shown below Negative binomial models are typically used in developing Accident Modification Factors (AMF). AMF is a constant that represents the safety change due to a change in a value of the segment. These factors are typically the ratio of the expected values of crashes with and without the change. AMF are also used as multipliers for estimating the expected number of crashes and values less than 1.0 indicate fewer crashes as a result of the change. The basic concept of the AMF is to capture the change in crash frequency due to the change of a single element. However, this is often not the case and these factors have been developed using crosssectional studies where multivariate models were developed and used in the determination of AMF. The models typically identify among the available variables contributing factors that could influence safety and then use them to estimate the change in crashes due to a change in one unit of the variable of concern. This approach is typically completed with the assistance of an expert panel that evaluates the use of the prediction models and estimates the potential effect for each variable of concern. These evaluations could be further supported by existing literature and current knowledge for the specific variable. This approach was utilized in the two-lane rural roadway models as part of the FHWA's Interactive Highway Safety Design Model (IHSDM), where the models developed were used as the basis for the creation of the AMF. Even though AMF may appear subjective in nature, they indeed represent a collective "wisdom" based both on subjective (expert panel) and objective (literature) observations. The issue that could be of significance here is that there may not be adequate literature dealing with the identification of the safety impacts from the elements to be examined. Therefore, AMF can be estimated directly from the coefficients of statistical models as Lord and Bonneson (2007) did for estimating AMF for rural frontage roads in Texas. The AMF are estimated the following way: (2) where, β j = regression coefficient associated for the variable j.
In order to develop results that could be eventually used in the Highway Safety Manual (HSM), the models developed predict the number of crashes for divided and undivided segments.
The current trend in crash prediction models is to avoid the use of crash rates because of the potential problems regarding the implicit assumption of linearity between volume and crashes as well as the potential misuse from naïve users who may assume that a change in volumes could proportionally affect the number of crashes. The SAS statistical software was used in developing the prediction models and determining their coefficients (SAS 2005) . The Generalized Modeling procedure (GENMOD) was implemented and the model coefficients are estimated through the maximum-likelihood method. This approach is well suited to the development of models that have predictors that are either continuous or categorical. Various methods were used for assessing the goodness-of-fit of the models (discussed further below).
Initially, all variables of concern were included in the models and variables with coefficients that were not statistically significant (at the 5 percent-level) were removed from the model. This process was followed until a model was developed where all variables entered were statistically significant. The signs of the coefficients were also evaluated to determine whether they reflected previously observed crash trends.
DATA BASE
Data were obtained through the FHWA Highway Safety Information System (HSIS) database for California and Minnesota and the Kentucky data were included to provide some reasonable geographic distribution to adequately cover roadways to be found throughout the nation. Intersections were excluded from the database to allow for a database with midblock sections only.
An understanding of the safety consequences for both the total number and level of severity is of interest in evaluating trade-offs of design elements. The change in the total number of crashes will provide an understanding of the overall safety risks of the trade-off applied. An additional evaluation focused on the severity of the crashes. It is possible that trade-offs for a design element may not show significant impacts on roadway safety expressed in total crashes but there may be an effect on the severity of the crashes.
The final data base was developed by aggregating the individual state databases into one.
For each state, a 12-year period was utilized with examination of data covering 2,387 miles. A further evaluation of the data to determine presence of all common available variables and values indicated that the majority of the segments (over 95 percent) were four-lane facilities and most (over 90 percent) had lane widths of 12 feet. These data indicate that there may be some concerns regarding the distribution of certain variables, since a significant mileage was at specific values, which may not allow for the development of complete models. For example, it was envisioned to create separate models for four-and six-lane facilities. However, the available data indicates that there are only 35 segments for six-lane facilities accounting for 205.45 miles (8.6 percent) of the total mileage. It was therefore deemed appropriate to develop models only for four-lane, 12-foot lane width segments. This approach resulted in a new data set that had a total extent of 1,433.7 miles with 35,694 crashes of which 9,024 were injury crashes. The ADT ranged from 241 to 77,250 vehicles/day and the total miles for divided highways was 1,241.4.
Another element that should be noted here is that all these segments are non-freeways, even though these facilities could qualify as rural multi-lane roadways and all have a length greater than 0.10 miles. The use of the average left and right shoulder widths as the shoulder width was utilized due to the fact this approach resulted in models with more reasonable and intuitive coefficients. The average shoulder width is computed as the mean of the left and shoulder width in the same direction for divided highways and as the mean for the right shoulders in undivided segments. Moreover, the shoulder type was checked to assure that both shoulders used in the calculation are of the same type. All segments used in the final data set had the same type for both left and right shoulders. Finally, all injury levels (ABC injuries) and fatalities (K) are included in the injury crashes.
As noted above, a total of 12 years of crash data was used. The process followed here considered the entire period as one observation due to the small sample size. The models developed did not consider time effect, since aggregated models provide more reliable estimates (Lord and Mahlawat 2009 ). An attempt to include the time effect did not improve the models and the aggregated models were found to be more reliable. Another issue is the use of concern is the absence of the speed limit of the sections. This variable was not available for use and at least for the Kentucky data the provided values were not accurate. Onsite spot checks revealed inconsistencies between the recorded and field data and it was deemed appropriate to exclude this variable form further consideration. Summary statistics for each non-binary variable used in the model are provided in Table 2 .
RESULTS
Each of the design elements of concern that were considered statistically significant in the prediction models is discussed here to form the basis of the recommendations. The process followed for establishing the proposed recommended values for each design element started with a draft set of recommendations that were circulated among the team members and a meeting was held to discuss the proposed values, justification of the recommendations, and identification of any issues that may result in diminishing the value of the proposed values. The team meeting to review the recommendations was viewed as an expert panel approach, since it included three safety engineers, two highway designers, and a highway safety analyst. The team debated the values presented, discussed the exiting work (both past and that of NCHRP 15-27), and after reaching a consensus recommended a set of values for use as AMF. The next section describes the modeling results followed by the characteristics of the AMF.
Modeling Output
The models were estimated using the negative binomial (NB) modeling structure . As expected, the raw data exhibited over-dispersion (variance > mean), hence the selection of the NB regression model. They were developed for all crash severities and for injury-only, as well as for divided and undivided highway facilities; note that the AMFs were only estimated from the all crash severity models. The models were also separated by the number of vehicles involved in the crash: single-vehicle, multi-vehicle and all of them together. For each model, the length and the number of years (12) were used as an offset, as discussed above. The functional form used for estimating the models was the following: shoulders. The presence of a median barrier was associated with an increase in the number of crashes. Although adding a median barrier will eliminate cross-median crashes, it will also become a fixed object that can be hit by vehicles Miaou et al. 2005) . The goodness-of-fit statistics show that, on average, the models perform well. However, for a few models, although they fitted the data well, prediction accuracy was not as good, as seen by the mean square prediction error (MSPE).
Average Shoulder Width
In general, shoulder width has an influence on crashes where increasing shoulder width has a positive (i.e. reducing) effect on crashes. There is also some evidence that wider shoulders may encourage higher operating speeds, since they may communicate to the driver the presence of wider space for correcting errors. For divided highways, the shoulder width was included in all three models. The coefficients were -0.05 (1-exp(-0.05)=0.05) for single-vehicle, -0.14(1-exp(-0.14)=0.13) for multi-vehicle, and -0.12 (1-exp(-0.12)=0.11) for all crashes. The negative sign again demonstrates the reduction of crashes associated with the increase of the shoulder width. The magnitude of the coefficients for the multi-vehicle and all crashes again seems to be excessive.
The similar analysis for injury only crashes did not produce any significant changes in the coefficients noted here. The variable was significant only for the divided highways and the coefficients were practically the same as those noted for all crashes.
The research team reviewed past literature, the recommended values for HSM, (Table 1 Lord et Table 4 .
It should be noted here that these modification factors are for all crashes and not for specific types of crashes that could relate to shoulder width issues. The recommended values are similar to those proposed in the HSM as noted above and those of the divided highways are comparable for almost all categories with the only exception that of the 8-foot shoulder AMF.
For the undivided highways, the differences between the NCHRP 15-27 and HSM recommended AMF were larger. This difference is attributed to the fact that the HSM factors are developed for shoulder related crashes while the AMF for NCHRP 15-27 were developed for all crashes. Even though a comparison to the HSM values is not appropriate due to the difference in crashes used in each model, the comparison is meaningful in showing similarities in trends and agreement of findings. Another issue that should be addressed is the lack of AMF for shoulder width greater than 8 feet, since the literature has indicated that the safety effects for such shoulder widths are unknown.
Median Width
The most important objective for the presence of medians is traffic separation. Median design issues typically address the presence of median, along with type and width. There has been some research completed on these issues and their implications on safety. However, past research indicated three safety trends: 1) cross median crashes (i.e. opposing vehicles) are reduced with wider medians; 2) median-related crashes increase as the median width increases with a peak at about 30 feet and then decrease as the medians becomes wider than 30 feet; and 3) the effect of median width on total crashes is questionable (Harwood et 2000) . The Highway Safety Manual section on multi-lane rural roads proposed AMF values for rural multilane highways based on whether a median barrier was present . These values accounted for the total number of crashes while considering median related crashes.
The current study distinguished between divided and undivided highways as well as between single-and multi-vehicle crashes. The effect of median width was only evaluated for the divided highways. This classification allowed for the development of two distinct models to address the particular issues relative to crash types. Aggregate models were also developed for all crashes to allow for a comprehensive approach and determination of potentially overall effects of the median barrier presence.
The only model where median width was significant was for multi-vehicle crashes and it had a positive effect, i.e. crashes reduce with wider medians. This trend is supported by the general observation that roadways with wider medians will exhibit lower crash rates than roads with narrower. The model developed showed that the coefficient was -0.010 (1-exp(-0.010)=0.01). The analysis of the injury only crashes included this variable again only in multivehicle crashes models with a similar coefficient (-0.009).
The research team reviewed past literature, the recommended values for HSM (Table 1 Table 5 .
The reader is reminded that these modification factors are for all crashes and not for specific types of crashes that could relate to median width issues. The recommended values are greater than those proposed in the HSM. The difference could be attributed to the fact that the HSM values specifically account for median related crashes while determining all crashes. This was not possible for this research and this adjustment could affect the values recommended here.
Another possible relationship that could exist and could have an influence on these values is the presence of a median barrier. Roadway segments with a barrier have typically narrower medians and this could influence the AMF as shown in the HSM values. However, the available data were not large enough to examine this interaction.
To determine the AMF for all crashes, one could implicitly assume that the median width has "no effect" on single-vehicle crashes and therefore, the AMF for single-vehicle crashes could be considered as 1.00. In this case, a weighted AMF can be estimated using as weights the relative percentages of single-and multi-vehicle crashes for the roadway of concern.
Median Barrier
The literature review has identified conflicting results for the presence of median barriers.
Some have noted that the effectiveness of the presence of medians on safety cannot be conclusively identified but noted that there is potential for the median to impact safety . Others have shown that median barriers have a positive effect, i.e. reduce crashes (Council and Stewart 1999) , and others have indicated that there is a relationship between median barrier presence and left shoulder width (Fitzpatrick et al 2008) . Another trend that was noted in the literature is the overall increase of crashes with median presence but a reduction of the level of severity for these crashes (Elvik 1995) . In general, the fact that an obstacle is placed within the roadway environment that provides a target for collisions can lead to an increased number of crashes. The type of the median barrier is also an important aspect, since studies have
shown that different types (especially concrete) have the potential to increase crashes (Elvik and Vaa 2004) . The issue to be considered here is whether the placement of a median barrier will act positively or negatively on the safety of the roadway segment considered. The presence of a barrier will result in a reduction of cross-median type crashes but it also has the potential to increase median-related crashes, since its absence could allow drivers opportunities to stop their vehicles in the median.
The models developed here identified that the presence of median barrier had an effect on crashes for divided highways. The current study distinguished between divided and undivided highways as well as between single-and multi-vehicle crashes. This classification allowed for the development of two distinct models to address the particular issues relative to crash types.
Aggregate models were also developed for all crashes to allow for a comprehensive approach and determination of potential overall effects of the median barrier presence.
For all three models (single, multi, and all crashes) the presence of median barrier had a negative effect, i.e. crashes increased. This trend is supported by the general observation that roadways with median barriers exhibit higher crash rates than roads without. The models developed showed that the coefficients were 0.999 (1-exp(0.999)=1.71) for single-vehicle, 0.523
(1-exp(0.523)=0.69) for multi-vehicle, and 0.781 (1-exp(0.781)=1.18) for all crashes. The analysis of the injury only crashes included this variable only in the single-vehicle and all crashes models with similar trends and magnitudes.
The research team reviewed past literature, the recommended values for HSM, and the AMF from NCHRP 15-27 and agreed that there is an influence on crash occurrence from the presence of median barrier. However, the values obtained from this research are based on a small sample (200 segments, less than 5 percent of the data) and therefore no recommendations were made. The research team also determined that there are several other factors that could also influence this, such as barrier type (which was not available for this study), volumes and use of barriers (presumably roads with higher ADT and narrower median are likely to have barriers), and distance between barrier and travel lanes (potential for avoiding colliding with barrier), and thus do not allow for a proper recommendation.
It should be noted that even though no recommendation is made for this design element, other factors should be also considered in determining the impact of the median barrier presence.
Median barriers are typically placed to reduce crossover crashes. As such, cross sectional studies,
i.e. studies that compare segments with and without median barriers may not be best suited for this evaluation. Before and after studies may be more appropriate for such studies, since they compare the same roadway environment and, in general, users and thus allow for a better estimate of the changes. The increase in crashes noted in the models here is also considered reasonable if one considers the fact that the median barrier is an obstacle within the roadway environment and as such the potential for more crashes exists. For roadways with median barriers, one can assume that an errant vehicle will not simply rest in the median avoiding a crash but rather hit the median resulting in a crash. Another issue that was not examined and could have an influence is the placement of the median barrier and its distance from the travel lanes.
This could have a positive influence in avoiding the obstacle and thus not resulting in a crash.
Finally, the severity and type of the crash with and without the median barrier should be also considered. Median barriers have the potential to reduce crossover crashes, which often result in serious injuries. Therefore, the presence of the barrier has the potential to impact severity levels.
CONCLUSIONS
The work completed here aimed to develop a set of recommendations to be used in evaluating safety implications from design element trade-offs. Data from three states were used to develop prediction models that could be used in this effort. The effort focused on developing crash prediction models and AMF for multilane rural roads regarding lane width, shoulder width and median width and type. The available data limited these models to four-lane roadways with 12-foot lanes and therefore the application of the AMF developed here is limited to only such highway segments. Separate models were developed for divided and undivided facilities as well as for single-vehicle, multi-vehicle and all crashes for both total and injury crashes. The research team conducted an expert panel approach where prior research was reviewed and discussed along with the models developed here. The team discussed and compared past work with the one completed here and recommended a set of AMF that could be used in determining the safety effects from the change in the values of a design element.
The final recommendations were for shoulder width and median width for four-lane roads with 12-foot lanes. The available data did not allow for the development of additional recommendations even though the presence of median barrier was also considered. The values recommended here are higher than those proposed in the Highway Safety Manual mainly because they address all crashes rather than only the crashes related to the specific element. This fact explains the larger magnitude of these AMF, since they capture the effect of a larger number of crashes.
Two sets of recommended AMF for shoulder width were developed that could be used based on whether the roadway is divided. Each set addresses the effect of the shoulder width on the potential crash occurrence for the total number of crashes and represents the relative change from using the specific value. Through the expert panel approach, the research team concluded that these AMF were appropriate and reasonable to use for estimating the effect of the shoulder width on crash occurrence. The effect of increasing the shoulder width by one foot for undivided highways is approximately a 6 percent crash reduction while for divided highways is 5 percent. These values are in accordance to past work and demonstrate the positive effect of shoulder width on crash occurrence. The possibility of examining these AMF by separating the data based on whether the shoulder was paved would be of interest. However, this was not accomplished due to insufficient sample size of segments with unpaved shoulders.
A single set of AMF was recommended for the median width and it is for multi-vehicle crashes for divided roadways. This was due to the fact that this variable was only present in the model for multi-vehicle crashes. The research team through its expert panel approach determined that this factor was reasonable and it recommended its use. The effect of median width on crashes is approximately an 8 percent reduction with every 10 feet of median width increase. An AMF for all crashes could be developed assuming that the AMF for single-vehicles is 1.00 and estimating a weighted average using the percentages of single-and multi-vehicle crashes as weights.
This work also identified areas of additional research to answer questions posed but were not addressed due to data limitations. Median barrier related issues (barrier presence, width and proximity to travel lanes) were not evaluated due to small number of segments with barriers.
The original intention of this work to determine the effect on the number of lanes and lane width was not addressed and this is a design element that could influence driver behavior and operating speeds. Finally, the lack of uniformity among the various state databases available in the HSIS is an issue to that needs to be addressed. 
